Obesity is characterized by a state of chronic low-grade inflammation due to increased immune cells, specifically infiltrated macrophages into adipose tissue, which in turn secrete a range of proinflammatory mediators. This nonselective low-grade inflammation of adipose tissue is systemic in nature and can impair insulin signaling pathways, thus, increasing the risk of developing insulin resistance and type 2 diabetes. The aim of this review is to provide an update on clinical studies examining the role of adipose tissue in the development of obesity-associated complications in humans. We will discuss adipose tissue inflammation during different scenarios of energy imbalance and metabolic dysfunction including obesity and overfeeding, weight loss by calorie restriction or bariatric surgery, and conditions of insulin resistance (diabetes, polycystic ovarian syndrome).
Introduction
Obesity affects 1.7 billion individuals worldwide, with prevalence rates continuing to escalate in children and adults from developed and developing countries. Excess adiposity, particularly when located in the visceral compartment, increases morbidity and mortality through elevated risk of chronic conditions including type 2 diabetes, cardiovascular disease, osteoarthritis, and certain cancers [1] . A common mechanism linking obesity and the progression of associated pathologies such as insulin resistance and type 2 diabetes is chronic low-grade inflammation. Research in this area has flourished over the past 20 years and has been the focus of many excellent reviews [2, 3] . The vast majority of evidence supporting obesityassociated chronic inflammation has emerged using rodent models, where high-fat diet (60% calories as lard) provokes a nearly complete remodeling of the epididymal depot resulting in rapid and sustained leukocyte infiltration and subsequent secretion of proinflammatory adipokines into the circulation [4] . Interestingly, some discrepancies emerge when translating such findings to the clinical arena, perhaps due to difficulties in obtaining visceral adipose tissue in humans, the metabolically active adipose tissue depot. As such, the focus of work in humans has centered on subcutaneous adipose tissue depots. The use of anti-inflammatory therapies for treating obesity-associated insulin resistance remains an area of active investigation.
The aim of this review is to provide an update on clinical studies examining the role of adipose tissue in the development of obesity-associated complications in humans. We will discuss adipose tissue inflammation during different scenarios of energy imbalance and metabolic dysfunction including obesity and overfeeding, weight loss by calorie restriction or bariatric surgery, and in conditions of insulin resistance (diabetes, polycystic ovarian syndrome).
Obesity-induced chronic low-grade inflammation
Given that adipose tissue mass can account for over half the body weight in morbidly obese individuals, the role of adipose tissue as an inflammatory organ is vitally important. Increased local production of monocyte chemoattractant protein-1 (MCP-1) acts to recruit circulating monocytes/macrophages through interaction with the MCP-1 receptor chemokine receptor 2. Obese adipose tissue, particularly visceral adipose tissue, is characterized by increased accumulation of macrophages and changes in the activation status of these cells, a response which correlates with the degree of obesity. Over 20 adipokines are upregulated in the circulation of obese humans including proinflammatory cytokines (IL1β, TNF, IL6, IL-8), chemokines (MCP1, CCL5), and acute phase reactants (hsCRP, serum amyloid A, haptoglobin) [5] . We now appreciate that a significant proportion of these adipokines are produced by macrophages in adipose tissue. It is important to recognize that circulating levels of inflammatory factors do not necessarily reflect the severity of inflammation within a specific tissue.
At the local level, obese adipose tissue, specifically visceral adipose tissue, has higher gene expression of a range of inflammation genes [5] and is characterized by macrophages aggregated in crown-like structures, which may act to mop up lipid from dying adipocytes [6] [7] [8] . In adipose tissue samples from 46 obese women having gastric surgery, HAM56+ macrophages were twofold higher in visceral (omental) compared to subcutaneous adipose tissue. Moreover, omental macrophage infiltration was associated with increased glucose, insulin, quantitative insulin sensitivity index, triglyceride, and aspartate amino transferase levels and the degree of hepatic fibro-inflammatory lesions [9] . Obese individuals with crown-like structures in their adipose tissue, albeit in subcutaneous adipose tissue, had higher insulin resistance (HOMA-IR) and impaired endothelium-dependent flow-mediated vasodilation as well as upregulated CD68 and TNFα mRNA levels and higher plasma CRP levels [10] . Macrophages in crown-like structures are CD11c+CD206+ and have a M1 proinflammatory phenotype [11] . Rodent studies have implicated a role for other immune cells including neutrophils, B cells, and T regulatory cells [12] [13] [14] , although this has yet to be completely verified in human studies.
Does weight gain induce changes in inflammation in adipose tissue?
Given the clear evidence that obesity is associated with a state of chronic low-grade inflammation in circulation and locally in adipose tissue, an obvious question is whether positive energy excess directly causes these changes in humans. In order to address this question, well-controlled studies of overfeeding in humans need to be performed. In the first study of its kind, Tam and colleagues examined subcutaneous adipose tissue inflammation in 36 healthy participants before and after 28 days of +1250 kcal/day (45% fat) overfeeding [15] . Overfeeding resulted in an average of 2.7 kg weight gain, decreased in peripheral insulin sensitivity, and raised circulating levels of hsCRP and MCP1, but did not alter the number of adipose tissue macrophages or T-cells. Inflammatory gene expression and circulating immune cell number or expression of their surface activation markers was also unchanged [15] . Similar findings of unchanged numbers of macrophages and inflammatory cells were also seen in another overfeeding study with similar weight gain (+2.5 kg), albeit of longer duration (56 days) [16] . Given the inherent difficulty and impossibility of obtaining visceral adipose tissue samples in studies involving healthy humans, it is unknown how this metabolically active tissue responds to overfeeding in humans. It may be that repeated bouts of energy excess over an extended period of time reaches a critical threshold of adipose tissue accumulation (particularly in the visceral compartment) is required to instigate and propagate an obesity-associated inflammatory response [2] . Supporting this hypothesis, weight cycling in mice enhances the inflammatory response in adipose tissue and in the circulation, which may contribute to metabolic dysfunction [17, 18] ; an area which has yet to be addressed in humans.
During pregnancy, fat mass stores expand considerably (up to 10 kg) depending on race, ethnicity, nutritional and environmental factors. In lean women, this fat mass gain accounts for ~30% of total weight gain. A study of gluteal adipose tissue biopsies collected from 11 lean women at preconception, early pregnancy (8-12 weeks), and late pregnancy (36-38 weeks) found a gene expression signature related to inflammation evident early in gestation through to delivery. Indeed, 30% of all genes modified during pregnancy, compared to the pregravid state, were related to immune-related processes including macrophage markers CD68, CD14, HLA-DR, HLA-DQ, and mannose receptor. The recruitment of inflammatory pathways appears to be a feature of healthy human pregnancy and precedes the appearance of maternal phenotypic changes in body composition and changes in insulin action, which peak later during pregnancy [19] . Similar to nonpregnant obese women, pregnant women with pregravid obesity exhibit a chronic low-grade inflammatory response early during pregnancy, which does not appear to have additive or synergistic effects on the inflammation associated with adiposity [20, 21] . Maternal blood and subcutaneous abdominal adipose tissue samples were collected from 24 women with pregravid obesity at the time of labor and delivery. Compared to lean women, women with pregravid obesity had higher systemic CRP and IL6 and threefold higher adipose mRNA levels of macrophage markers, CD68, EMR, and CD14. Gene expression for cytokines IL-6, TNF-α, IL-8, and MCP1 and for LPS-sensing CD14, TLR4, TRAM2 was 2.5-to 5-fold higher in stromal cells of obese compared to lean. Strikingly, this low-grade inflammatory response was correlated with plasma endotoxin levels, suggesting that subclinical endotoxemia is associated with systemic and adipose tissue inflammation. In this model of pregnancy-induced weight gain, it may be that the recognition and sensing of bacterial-derived pathogens initiate or propagate the inflammatory response within adipose tissue [20] .
Weight loss ameliorates adipose tissue inflammation
Regardless of the type (diet and/or physical activity, surgery) or length of intervention, weight loss of at least 5% results in significant improvements in circulating levels of inflammatory mediators in obese, but otherwise healthy, adults. A meta-analysis of weight loss intervention studies (lifestyle or surgery) performed between 1966 and 2006 found that for each kilogram of weight loss, CRP levels declined by 0.13 mg/L [22] .
In one of the first studies of its kind, Clement and colleagues analyzed gene expression profiles of subcutaneous adipose tissue biopsies obtained from obese women before and after 28 days of very low-calorie diet (~6% weight loss) [23] . Cluster analysis revealed that 100 inflammation-related transcripts were changed after VLCD diet, consisting of a decrease in proinflammatory factors and an increase in anti-inflammatory molecules, an inflammatory gene signature, which was mostly attributed to the stroma-vascular component of adipose tissue [23] . Subsequent studies examined whether the macronutrient composition of energy-restricted diets (e.g., moderate fat, moderate carbohydrate vs. low-fat, high carbohydrate) have effects on inflammation gene expression and observed that it is weight loss/energy deficit per se rather than macronutrient composition that modifies the gene expression pattern in subcutaneous adipose tissue in humans [24, 25] . Of note, 10% weight loss in overweight (never obese) subjects has been reported to not invoke changes in systemic or subcutaneous inflammation gene expression, which strengthens the hypothesis that a critical threshold of adipose tissue mass needs to be reached before a low-grade inflammatory response occurs [2, 26] . Certainly in studies of obese or morbidly obese where the weight loss achieved is > 10%, as is the case with longerterm dietary interventions or bariatric surgery, there are favorable improvements in systemic and adipose tissue inflammation, which often correlates with the degree of weight loss [6] . A 15-week lifestyle intervention resulting in 13%-14% weight loss was associated with significantly lower circulating CRP, IL6, IL8, and MCP1 and higher concentrations of adiponectin. Subcutaneous adipose tissue mRNA levels of IL-6, MCP1, and TNF-α were significantly reduced [27] . Even more dramatic decreases in subcutaneous adipose tissue mRNA levels of macrophage-related genes (MCP1, CSF3) were observed 3 months after gastric bypass resulting in 14% weight loss. Moreover, there were significant decreases in the number of HAM56+ macrophages in subcutaneous adipose tissue (−11.6 ± 2.3%), and macrophages were no longer clustered in crown-like structures, but were localized near blood vessels. Interestingly, 3 months after weight loss, macrophages stained positive for the anti-inflammatory marker IL-10 suggesting more of a remodeling type (M2) rather than pro-inflammatory type (M1) macrophage [6] . A subsequent study reported that substantial weight loss resulted towards more of an M2, rather than an M1, activation status in adipose tissue macrophages [28] .
Impact of metabolic disease on adipose tissue dysfunction
Genetic mouse models (knockout mice, bone marrow transplantation of knockout mouse, and myeloid-specific knockout mice) clearly demonstrate that adipose tissue inflammation, particularly macrophage content is associated with insulin resistance [29] . However, this association has not been universally shown in human studies, and it is unknown whether such a response is independent of the effects of adiposity. A study of nondiabetic Pima Indians found that subcutaneous adipose tissue macrophage content did not correlate with insulin action independent of adiposity, although subjects had a fairly wide range of BMI [30] . Interestingly, whole-body glucose disposal rate was associated with macrophage activation markers, PAI1, and CD11c, independent of the effects of adiposity, suggesting that insulin action may be more related to macrophage activation status, rather than macrophage content [30] . In contrast, a recent study compared the associations between inflammation and insulin resistance in obese young adults with and without crown-like structures in subcutaneous adipose tissue [31] . Independent of total body fat, individuals with crown-like structures had higher visceral adipose tissue, hepatic fat, fasting glucose and insulin levels, and lower disposition index, a measure of β-cell function, compared to individuals without crown-like structures demonstrating a link between macrophage crown-like structures and impaired insulin signaling, independent of the effects of adiposity [31] .
To date, the most compelling evidence for an association between adipose tissue inflammation and insulin resistance in humans have come from thiazolidinedione treatment studies in subjects with impaired glucose tolerance and type 2 diabetes [32, 33] . Thiazolinediones, including rosiglitazones and pioglitazones, are a highly efficacious class of insulin-sensitizing drugs that mainly target adipose tissue by activating PPARγ and are reported to have anti-inflammatory effects [34] . In subjects with impaired glucose tolerance, 10 weeks of pioglitzone treatment improved insulin sensitivity by 60% and reduced CD68 and MCP1 subcutaneous gene expression by > 50%. Furthermore, CD68+ macrophages in adipose tissue were decreased and plasma TNF-α levels reduced [32] . Indeed, reduced adipose tissue macrophage content was associated with improved insulin sensitivity as early as 21 days after pioglitazone treatment in 26 subjects with type 2 diabetes [33] . Improved hepatic and peripheral insulin sensitivity (measured by hyperinsulinemic-euglycemic clamp) was seen after 21 days of pioglitazone, coinciding with a 69% reduction in macrophage content measured by the number of CD14+ cells in the stroma-vascular fraction of adipose tissue by FACs. This was confirmed by significant reductions in CD68 and CD14 gene expression. Interestingly, after 10 days of pioglitazone treatment, there were reductions in the gene expression of IL6, IL1β, and a trend toward decreased TNF in whole adipose tissue with further reductions in arginase-1 and IL-10, M2 phenotype macrophage markers after 21 days of pioglitazone treatment [33] . Together, these two clinical studies suggest that the insulin-sensitizing effects of thiazolidiones could be partially achieved through suppression of adipose tissue macrophage content and subsequent reduction of the production of inflammatory factors.
Polycystic ovarian syndrome (PCOS) is a complex endocrine disorder affecting 5%-10% of women of reproductive age. In addition to menstrual irregularity, hyperandrogenemia, and polycystic ovarian morphology, PCOS is highly associated with central adiposity and insulin resistance. Emerging evidence suggests that PCOS is characterized by systemic and local tissue (ovarian) chronic low-grade inflammation, which may be exacerbated by androgen excess, thus. promoting adipocyte hypertrophy or vice versa [35, 36] . Compared to age and BMI-matched women controls, women with PCOS have significantly higher CRP [37] [38] [39] , MCP1 [40] , and IL-8 [41] . Conflicting evidence exists regarding IL-6 and TNF-α concentrations [37, 39] in women with PCOS. Histological analysis in ovaries from women with PCOS shows greater macrophage and lymphocyte accumulation compared to healthy women, although the PCOS group had a significantly higher BMI compared to the controls (23 vs. 21 kg/m 2 ); unfortunately, the association of macrophage accumulation with BMI or insulin resistance was not evaluated in this study [42] . Further research controlling for the effects of obesity and insulin resistance is required in women in PCOS to clearly evaluate the independent role of low-grade inflammation on potentially regulating androgen excess.
Conclusions
There is little doubt that obesity is associated with a state of chronic low-grade inflammation as demonstrated by overwhelming literature in high fat-fed rodent models and visceral adipose tissue samples collected from obese subjects before and after weight loss interventions. However, it is not yet well-established whether similar persistent changes in adipose tissue and systemic inflammation occurs in less severe models of obesity (overfeeding, pregnancy, PCOS, etc). Further research in the clinical area needs to determine whether transitioning toward obesity is similarly associated with an inflammatory response and how this relates to the development of cardiometabolic disease.
